An endonuclease purified -3,200-fold from Micrococcus luteus is active on native ultraviolet-irradiated deoxyribonucleic acid (DNA), but is inactive on unirradiated native or denatured DNA and has no activity toward irradiated denatured DNA. The major type of lesion for the nucleolytic activity is the cyclobutane pyrimidine dimer. The enzyme makes a number of single-strand breaks approximately equal to the number of dimers, but dimers are not excised. This endonuclease-a small molecular weight protein-therefore has all the attributes hypothesized for the first enzyme in the sequential steps in repair of DNA in vivo. Another paper shows that the endonuclease is able to reactivate ultraviolet-irradiated transforming DNA. There have been a number of reviews (6, 7, 9, 19, 20, 23, 30) summarizing the evidence that microorganisms are able to repair damage to their deoxyribonucleic acid (DNA) in the dark. This phenomenon has been studied in detail for ultraviolet (UV) damage because one of the more important lesions, the pyrimidine dimer [cyclobutyl dimer between adjacent pyrimidines (22)], is easy to detect and hence easy to follow during the processes of repair. One of the major ways of repairing UV damage is by excision of pyrimidine dimers from the DNA, a process in which the dimers appear as components of oligonucleotides separable from the main DNA of the cell. The excision step, which is followed by others such as repair replication and rejoining of strands, requires at least two enzymes (5, 10, 25, 32 (2, 13, 31) and cause the excision of dimers in vitro (2). Several reports (5, 10, 15, 26, 27) 
There have been a number of reviews (6, 7, 9, 19, 20, 23, 30) summarizing the evidence that microorganisms are able to repair damage to their deoxyribonucleic acid (DNA) in the dark. This phenomenon has been studied in detail for ultraviolet (UV) damage because one of the more important lesions, the pyrimidine dimer [cyclobutyl dimer between adjacent pyrimidines (22) ], is easy to detect and hence easy to follow during the processes of repair. One of the major ways of repairing UV damage is by excision of pyrimidine dimers from the DNA, a process in which the dimers appear as components of oligonucleotides separable from the main DNA of the cell. The excision step, which is followed by others such as repair replication and rejoining of strands, requires at least two enzymes (5, 10, 25, 32) .
It has been known for some time that extracts of Micrococcus luteus (Micrococcus lysodeikticus) are able preferentially to affect UV-irradiated DNA [see review by Strauss (30) ]. Strauss (29) showed that such extracts reduce the biological activity of irradiated, but not unirradiated, transforming DNA of Bacillus subtilis. Rorsch and his co-workers (18) showed that these extracts could increase the biological activity of the replicative (double-stranded) form of qbX174 DNA which had been inactivated by UV irradiation, and Elder and Beers (3) reported that crude extracts could reactivate UV-irradiated transforming DNA of Haemophilus influenzae. Although the various extracts are similar, they may contain different proportions of specific and nonspecific nucleases; Strauss (30) suggested that the different features of the extracts (inactivation and reactivation) may be accounted for by the ability of the recipient cells to accept and maintain double-stranded DNA. In contrast to H. influenzae DNA (16) , single-stranded B.
subtilis DNA is found inside the recipient cell (1) . Reduction in size of DNA decreases its transforming ability; hence, single-stranded breaks would reduce the size and inactivate B. subtilis DNA but not that of H. influenzae. Extracts of M. luteus selectively degrade irradiated DNA (2, 13, 31) and cause the excision of dimers in vitro (2) . Several reports (5, 10, 15, 26, 27) have described properties of an endonuclease from M. luteus which acts on UV-irradiated DNA, and Kaplan et al. (10) have purified two enzymes whose combined action results in the excision of dimers from DNA. However, the relationship between the endonuclease and repair in vivo in M. luteus is not clear (5, 17, 32) .
We report here some of the properties of a purified extract of M. luteus which has endonuclease activity toward UV-irradiated DNA. The nuclease is inactive toward unirradiated DNA and is most active toward native DNA containing pyrimidine dimers. It Preparation of labeled DNA species. The following labeled DNA species prepared by the method of Marmur (12) (-ENDONUCLEASE  179 37 C. The reaction mixtures were chromatographed on diethylaminoethyl paper, and the average chain length was obtained from the ratio of the total radioactivity to that in inorganic phosphate. Routine assay for endonuclease activity. The reaction mixture contained: DNA (usually 3H-thyminelabeled) irradiated in solution with 4 X 104 ergs/mm2 at 280 nm, 2.5 jAg/ml; unirradiated DNA (usually 14C-thymine-labeled), 2.5 jug/ml; and unirradiated calf thymus DNA, 5 ,ug/ml, in 0.05 M potassium phosphate buffer (pH 6.5), 0.001 M ethylenediaminetetraacetate, and 0.01 M S-mercaptoethanol. The enzyme fraction was added, and the mixture was incubated for various times at 37 C. The reaction was stopped by adding NaOH to a concentration of -0.1 N (addition of alkali also resulted in the separation of DNA strands); neutralization was with HCI. Portions of the mixture were applied to small columns of Sepharose 4B (0.6 by 10 cm) for separation of the DNA fractions which resulted from the enzyme treatment. Three fractions were collected ( , and 50 mg of lysozyme was added. After 45 min at 30 C, 250 ml of cold water was added. The lysate was stirred vigorously until a uniform viscous gel formed, and was then sonically oscillated for 5 min at 50 kHz in a Biosonik sonic oscillator. The sonictreated solution was centrifuged at 30,000 X g for 30 min, and the supernatant fluid was saved (fraction I). Ammonium sulfate was added to fraction I to a final concentration of 65%. The solution was stirred for 1 hr and centrifuged for 30 min at 30,000 X g. The precipitate was dissolved in 1,000 ml of 0.005 M potassium phosphate buffer, pH 7.5 (fraction 11, -4 mg/ ml), and loaded onto a DE-52 cellulose column (2.5 by 40 cm) at 0.3 ml/min; 10-ml fractions were collected. Most of the endonuclease activity and about 10% of the protein was eluted by 400 ml of 0.005 M potassium phosphate buffer, pH 7.5 (fraction lIl). After the pH was adjusted to 6.5 with acetic acid, fraction I1 was loaded onto a CM-52 cellulose column (2.5 by 40 cm) at 0.3 ml/min, and 15-ml fractions were collected. The column was washed with 200 ml of 0.01 M potassium phosphate buffer (pH 6.5) before a linear gradient of 0.01 to 0.3 M was applied. The enzyme eluted in about 100 ml (< 100 Mg/ml of protein) in the 0.1 M region (fraction IV). Protein was determined by Folin phenol reagent (11) and by ninhydrin (8, 28) .
RESULTS AND DISCUSSION
Characteristics of the assay for endonuclease activity. The general plan of the assay was to measure the number of single-strand breaks introduced by protein fractions into UV-ir- (The enzyme does not require divalent ions for activity.) After reacting for measured periods of time, the mixture is made alkaline to separate individual strands and is then neutralized. The mixture now contains labeled polynucleotides, of which the distribution of lengths depends on the distance between lesions in the DNA and on the activity of the enzyme preparation. At the UV doses we used, the average distance between dimers corresponds to 24,000 daltons. Since the molecular weight of an untreated DNA is well over 105, it is a simple matter to use a small Sepharose column (0.6 by 10 cm) to separate the undegraded from the degraded material. Figure 1 Fig. 2 shows that the amount of material that remains in the undegraded fraction (fraction A of Fig. 1 ) is a function of (i) the amount of enzyme used, (ii) the incubation time with a fixed amount of enzyme, and (iii) the amount of substrate (UVirradiated DNA) in the reaction mixture. Thus, one can adjust the conditions of this simple reaction so as to measure relative enzyme activity or effective substrate concentration. The latter measurement allows one to assess the effects of competitors and, therefore, to ascertain whether lesions other than pyrimidine dimers are substrates for the enzyme. It is apparent from Fig. 2b that the optimal salt concentration is between 0.035 and 0.1 M. We did not extensively investigate the pH activity curve of the enzyme, but Fig. 3 shows that the optimum is near pH 6.
A number of agents are known to inhibit the excision of pyrimidine dimers in E. coli (25) . The effect of some of these agents on endonuclease activity is shown in Fig. 4 . Proflavin and KCN, both potent inhibitors of excision in vivo, are strong inhibitors of endonuclease activity. Caffeine, on the other hand, is not, even though it inhibits excision in vivo. Thus, we conclude that proflavin and KCN may block the first step in excision of dimers and that caffeine works on a later step, or that the E. coli and M. luteus enzymes are different.
Purification of the endonuclease. Table 1 shows a typical purification scheme for the enzyme. The greatest purification is effected in the last step in the elution from carboxymethyl cellulose. Figure 5 shows a typical chromatogram of such an eluate and indicates the endonuclease activity toward irradiated and unirradiated DNA. There is no exonuclease in the preparation as detected by chromatography on Sepharose 4B (see Fig. 7 ).
We found it very difficult to observe UV absorbance peaks in the fractions corresponding to maximal activity because the protein in this peak contains little or no aromatic amino acids. There is a big difference between the amount of protein detected by the Lowry reaction (tyrosine) and by ninhydrin, the latter procedure always giving at least 10-fold higher values.
The purified activity is stable for several weeks at 4 C. It loses 50% of its activity on freezing and is very unstable at higher temperatures.
For example, it loses all its activity in 30 min at 37 C. However, its stability is increased dramatically when unirradiated DNA, such as salmon (Fig. 4) Figure 7 shows an analysis of e nuclease-treated DNA after 104 and 4 X 104 mm2 of 280 nm. The smaller dose is expect( give an average mass between dimers of 6 104 and the larger dose 2.4 X 104 dalton the experiment shown in Fig. 7 , all three I species were incubated together; samples removed at 0, 5, and 60 min and analyzei Sepharose columns longer than those used ii standard assay to give somewhat better resolu Figure 7a shows that unirradiated native E Chlromalograplhy of UV-endontuclease-treated DNA species oft Sepharose 4B. Samples oJ 0.1 ml were applied to columns (I by 29 cm) and 1-ml fractionis were collected. A reaction mixture similar to that in Materials and Methods contained (a) unirradiated 3H-thymine-labeled T4 phage DNA, 2.0/Ag/ml; (b) 1 X 104 ergs/mm2 (280 nm) 33P-labeled E. coli DNA, 1.1 Ag/ml; and (c) 4 X 104 ergs/mm2 (280 nm) 32P-labeled E. coli DNA, 0.7 u&g/ml.
Samples were removed after zero mitt (0), 5 min (), and 60 miii (O) of inicubatiol, and were then dentatured in alkali, neutralized, and applied to the columns. Eluates were counted in a three-chlanniiel scintillatioln counler set to discriminate among the three isotopes. The approximate molecular weights come from enzd-group antalysis of the eluates (see Materials anid Methods) antd the position ofpApTpT is from a separate experiment. Tlle iniset in (c) compares endonuclease-treated UV-DNA before and after denaturationi. molecular weight in the limit digests is about what is expected from the average distance between dimers. The inset to Fig. 7c shows that single-strand breaks and not double-strand breaks are produced by the enzyme, because, when the DNA is not denatured before a run through the column, the DNA is macromolecular. It is intriguing that the molecular weight distribution in the limit digests is so heterogeneous. An interpretation of the wide distribution is complicated by the fact that all pyrimidine dimers might not be substrates for the enzyme (for example, two dimers very close together) and by the fact that high doses of UV radiation make cross-links between strands. Such cross-links might not be substrates for the enzyme and therefore give rise to larger-molecular-weight pieces because they would prevent strand separation.
The simple assay, described in Materials and Methods, with a fixed amount of enzyme and DNA species irradiated with different doses should give a similar but more qualitative result.
At low doses, the average distance between dimers is large, and an appreciable fraction of the DNA will always remain in fraction A (Fig.  1 ) and therefore will not be detected as degraded.
The fraction degraded will then increase with dose, which is just what is observed in Fig. 8a . These experiments do not implicate dimers directly because all lesions increase with dose, and the average distances between them decrease with dose. However, when an irradiated DNA is subjected to enzymatic photoreactivation, subsequent endonuclease treatment has no effect on it (Fig. 8b) . Since the only known substrates for enzymatic photoreactivation are the cyclobutyl pyrimidine dimers (21) , this experiment is direct evidence that such dimers are the major lesions which are recognized by the endonuclease in DNA irradiated in solution.
The real substrate might not be a dimer but just a local denatured or open region in a double helical stretch of polynucleotide. Therefore, we looked at the ability of other polymers, irradiated and unirradiated, to compete with UV-irradiated VOL. 102, 1970 DNA for the UV-endonuclease. Fig. 9a , and the precise procedure in forming the hybrid DNA is described in the legend. It is clear that only the irradiated strand is degraded by the endonuclease. The 82P-labeled, unirradiated strand is unaffected. Figures 9b and  9c represent control experiments. Figure 9b indicates there is no degradation of either strand when neither has been irradiated. Figure 9c shows that, under the conditions of these experiments, the endonuclease acts both on irradiated native DNA and on "8P-containing DNA which was irradiated while denatured at low concentration and then had been annealed. Thus the endonucleolytic attack is preferentially on the strand which contains the pyrimidine dimer and is a Reaction mixtures were similar to that described in Materials and Methods, except for the use of smaller concentrations of UV-irradiated DNA (as indicated) and the addition of competitors as listed above. Assay incubation times, 60 min. Abbreviations: UV, ultraviolet; DNA, deoxyribonucleic acid; rRNA, ribosomal ribonucleic acid; tRNA, transfer RNA; poly dA dT, polydeoxyadenylate-polydeoxythymidylate; poly rA-rU, polyadenylate-polyuridylate. b Computed from the interpolated time that the normal system would take to reach the same level of degradation, assuming kinetics as in Fig. 2 . 
